The mechanism of resistance to paraquat was investigated in biotypes of Hordeum glaucum Steud. and H. leporinum Link. with high levels of resistance. Inhibition of photosynthetic 02 evolution after herbicide application was used to monitor the presence of paraquat at the active site. Inhibition of photosynthetic 02 evolution after paraquat application was delayed in both resistant biotypes compared with the susceptible biotypes; however, this differential was more pronounced in the case of H. glaucum than in H. leporinum. Similar results could be obtained with the related herbicide diquat. Examination of the concentration dependence of paraquat-induced inhibition of 02 evolution showed that the resistant H. glaucum biotype was less affected by herbicide compared with the susceptible biotype 3 h after treatment at most rates. The resistant H. leporinum biotype, in contrast, was as inhibited as the susceptible biotype except at the higher rates. In all cases photosynthetic 02 evolution was dramatically inhibited 24 h after treatment. Measurement of the amount of paraquat transported to the young tissue of these plants 24 h after treatment showed 57% and 53% reductions in the amount of herbicide transported in the case of the resistant H. glaucum and H. leporinum biotypes, respectively, compared with the susceptible biotypes. This was associated with 62% and 66% decreases in photosynthetic 02 evolution of young leaves in the susceptible H. glaucum and H. Ieporinum biotypes, respectively, a 39% decrease in activity for the resistant H. Ieporinum biotype, but no change in the resistant H. glaucum biotype. Photosynthetic 02 evolution of leaf slices from resistant H. glaucum was not as inhibited by paraquat compared with the susceptible biotype; however, those of resistant and susceptible biotypes of H. leporinum were equally inhibited by paraquat. Paraquat resistance in these two biotypes appears to be a consequence of reduced movement of the herbicide in the resistant plants; however, the mechanism involved is not the same in H. glaucum as in H. leporinum.
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The bipyridylium herbicides paraquat and diquat are nonselective contact herbicides that act by intercepting electrons from the photosynthetic electron transport chain at PSI. This reaction results in the production of bipyridyl radicals that readily react with 02 to produce superoxide and then, l Partially supported by an Australian Research Council Postdoctoral Fellowship (C.P.). through a series of reactions, produce H202 and the hydroxyl radical. These toxic oxygen species cause extensive lipid peroxidation leading to loss of cell membrane integrity and rapid desiccation (2, 12) .
Resistance to these herbicides has appeared in at least 10 weedy species after repeated exposure to the herbicides (see 8 for review). The mechanism of paraquat resistance has been investigated in six of these species (6, 7, 9, 13, 16, 19) ; however, the mechanism of resistance has not been determined unambiguously for any biotype. In two resistant biotypes, Conyza bonariensis (16) and Lolium perenne (9) , it has been proposed that the mechanism of resistance is a result of increased levels of enzymes that detoxify active 02 species. In other cases where the mechanism of paraquat resistance has been investigated, evidence has been presented purporting to show reduced movement of the herbicide in the leaf of the resistant plants (3, 7, 19) . These studies mainly have been performed by feeding ['4C]paraquat through the petiole or leaf bases of detached leaves and observing its spread by autoradiography. In a paraquat-resistant biotype of Hordeum glaucum Steud., it has been shown that there is no difference in the susceptibility of protoplasts isolated from resistant and susceptible individuals to inhibition by paraquat, suggesting that, in this biotype, resistance might be conferred by the exclusion of herbicide from the cell (15) .
Here we have reinvestigated the mechanism of paraquat resistance in a biotype of H. glaucum (3, 15) previously examined and compared it with a paraquat-resistant biotype of H. leporinum Link. We have used photosynthetic 02 evolution as an indicator of the appearance of paraquat at the active site and have confirmed reduced movement of paraquat within the leaves of the resistant biotypes of H. glaucum and H. leporinum. In both cases there is reduced translocation of paraquat to the young tissue in the resistant biotypes that remains photosynthetically active and continues to grow, whereas that of the susceptible biotypes is killed. 
MATERIALS AND METHODS

Paraquat Determinations
Paraquat in the leaf tissue was determined spectrophotometrically by the method described by Calderbank and Yuen (5) . Plants that had been grown in the growth room were sprayed with 200 g of paraquat per hectare then placed in the dark. Twenty-four hours after spraying, the plants were harvested, and the parts that had not been directly exposed to herbicide, young leaves not yet emerged, and the bases of older leaves were selected. These were pooled for each pot (five plants) and were boiled in 1 N H2SO4 for 4 h. After cooling, the solution was filtered and the paraquat separated using a Duolite 225 column (BDH Pharmaceuticals, London). The recovery of paraquat in the extraction process was estimated from control experiments, where known amounts of paraquat were added immediately before boiling, at greater than 85% for all samples, and there were no differences between resistant and susceptible biotypes.
Photosynthesis by Leaf Slices
Leaves were sliced into approximately 0.5-to 1.0-mm-wide strips under buffer consisting of 50 mM Hepes-KOH, pH 7.6, 500 mM sorbitol, and 2 mm CaCl2. The leaf slices were then transferred to a Clark-type 02 electrode in 3 mL of the same buffer with 10 mm NaHCO3 added. The leaf slices were incubated in the presence of paraquat (supplied as the dichloride salt) for 10 min in the dark and then illuminated for 5 min at 1000 AE m-2 s-' when the rate of 02 evolution was determined. Chl was extracted from the leaf slices by grinding in 80% acetone and the Chl concentration was determined as described by Amon (1).
RESULTS
Paraquat Inhibition of 02 Evolution
The presence of paraquat in the chloroplast in the light has three important consequences. First, paraquat will accept electrons from PSI and inhibit CO2 fixation. Second, the paraquat radical thus formed will react with 02 to produce superoxide and will, therefore, reduce net 02 evolution. Third, the toxic oxygen species produced as a result of paraquat action, in particular the hydroxyl radical, will rapidly destroy chloroplast membranes, rendering the chloroplast inactive. We have used measurements of net 02 evolution to estimate the time taken for paraquat to appear in the chloroplasts of leaves. Paraquat-susceptible and paraquat-resistant plants of H. glaucum and H. leporinum were sprayed in the laboratory sprayer and placed in the dark; photosynthetic 02 evolution was then measured up to 4 h after spraying. Paraquat, when applied at 100 g a.i. ha-', rapidly enters the chloroplast of the susceptible biotypes, and appreciable inhibition of photosynthetic 02 evolution of leaf segments can be observed 40 min after spraying the plants (Figs. 1C and  2C ). Reducing the herbicide concentration delayed the onset of inhibition of 02 evolution such that at 20 g of a.i. ha-', inhibition of 02 evolution was not observed until 2 h after spraying of the susceptible biotypes (Figs. 1A and 2A) . At each paraquat concentration, the inhibition profiles of the two paraquat-susceptible biotypes were similar.
The paraquat-resistant H. glaucum biotype showed a delay in the onset of inhibition of 02 evolution after paraquat application, compared with the susceptible biotype at all rates of herbicide application (Fig. 1) . The biggest difference between the two biotypes was observed at 50 g of a.i. ha-', where inhibition of 02 evolution of the resistant biotype was delayed 1.5 h compared with the susceptible biotype (Fig.  1B) . In contrast to the situation observed for paraquat-resistant H. glaucum, the differences in onset of inhibition of 02 evolution between paraquat-susceptible and paraquat-resistant H. leporinum were small (Fig. 2) . The largest difference in time of onset of inhibition of 02 evolution was observed at 50 g of a.i. ha-', where inhibition of 02 evolution of the resistant H. leporinum biotype was delayed by 0.5 h compared with the susceptible biotype (Fig. 2B ).
The inhibition of 02 evolution in response to paraquat dose was examined in a series of experiments in which plants were sprayed with herbicide and then placed in the dark. Photosynthetic activity of leaf segments from each plant was meas- The same experiment performed on paraquat-susceptible and paraquat-resistant H. leporinum biotypes produced a slightly different result. Photosynthetic 02 evolution was equally inhibited in the two biotypes 3 h after paraquat treatment except at the highest two rates (100 and 200 g of a.i. ha-') (Fig. 4A) . By 24 h after treatment, photosynthetic 02 evolution had been greatly inhibited for both biotypes at all herbicide concentrations (Fig. 4B) . No recovery of photosynthetic activity occurred in the 24 h after paraquat treatment for any of the biotypes examined here.
Diquat Inhibition of 02 Evolution
The paraquat-resistant biotypes of H. glaucum and H. leporinum show considerably greater tolerance to the related bipyridyl herbicide diquat than do the susceptible biotypes (14, 20) . Diquat inhibition of photosynthetic 02 evolution was examined in the same way as for paraquat and, like Paraquat applied (g a.i. ha-1) Paraquat applied (g a.i. ha-1) paraquat, diquat rapidly inhibited 02 evolution in both susceptible biotypes (Fig. 5) . The concentration of diquat required to elicit the same response was greater than for paraquat, consistent with the reduced efficacy of diquat on grass species (4). For both paraquat-resistant biotypes there was a delay in the inhibition of photosynthetic 02 evolution of the resistant compared with the susceptible biotypes; however, this delay was greater for H. glaucum than for H. leporinum (Fig. 5) . In a separate experiment, resistant and susceptible plants were treated with paraquat and placed in the dark for 24 h. The young, unsprayed leaves were dissected out of the leaf sheath, and photosynthetic 02 evolution was measured using the leaf disc 02 electrode. The results presented in Table I show that photosynthetic 02 evolution of these leaves from the resistant H. glaucum biotype was largely unaffected by the application of paraquat, and that of the resistant H. leporinum biotype was inhibited by 39%. Young leaves from the susceptible biotypes showed 62% and 66% decreases in photosynthetic 02 evolution for H. glaucum and H. leporinum, respectively.
Leaf Slice Photosynthesis
No difference in susceptibility of photosynthetic 02 evolution to inhibition by paraquat between the resistant and susceptible biotypes of H. glaucum was observed at the isolated protoplast level (15) , yet there is a difference when leaf segments are used (Fig. 1 ). Powles and Comic (15) suggested that the cell walls of H. glaucum may be involved in resistance to paraquat. After unsuccessful attempts to isolate intact cells from these species, this hypothesis was tested using thin (0.5-1 mm) slices of leaf tissue exposed to different concentrations of paraquat. Paraquat was readily able to inhibit 02 evolution activity of the susceptible H. glaucum biotype with an I50 of about 100 ,M (Fig. 6A) . Leaf slices from the resistant H. glaucum biotype proved to be less susceptible to inhibition by paraquat compared with the susceptible biotype and had an Iso of >500 LM. Photosynthetic 02 evolution of leaf slices from the susceptible H. leporinum biotype was as sensitive to paraquat as was that from the susceptible H. glaucum biotype (Fig. 6B) . In contrast to the situation in H. glaucum, the photosynthetic 02 evolution of leaf slices from the resistant H. leporinum biotype was equally sensitive to paraquat compared with the susceptible biotype. These data suggest that Paraquat concentration (pM) Figure 6 . Paraquat inhibition of 02 evolution of leaf slices from paraquat-susceptible (0) and paraquat-resistant (0) there is a barrier to movement of the herbicide from outside the cell to the chloroplast in the paraquat-resistant biotype of H. glaucum, a barrier that is not present in any of the other biotypes.
DISCUSSION
Previous investigations on the mechanism of resistance to paraquat in a biotype of H. glaucum have shown that resistance is not due any change at the active site or to changes in permeability of the chloroplastic or plasma membranes to the herbicide (15) . In addition, levels of the enzymes that detoxify active 02 species were not increased in the resistant biotype compared with the susceptible biotype (15) . Herbicide penetration of the cuticle was also not different between the resistant and susceptible biotypes (3). It was suggested that paraquat resistance in this biotype was due to exclusion of the herbicide from the cytoplasm through sequestration in the apoplast (3, 15) .
Paraquat is a photosynthetic herbicide that subverts electron transport. This property of paraquat was used to track movement of the herbicide in the leaves of the resistant and susceptible biotypes of H. glaucum and H. leporinum. The results of these experiments demonstrate that paraquat takes longer to reach an inhibitory concentration in the chloroplasts of the resistant biotypes compared with the susceptible biotypes. The time differential for paraquat to inhibit photosynthetic 02 evolution between the resistant and susceptible PRESTON ET AL. biotypes was greater in the case of H. glaucum than H. leporinum. Photosynthetic 02 evolution, once inhibited, stayed inhibited for at least 24 h after treatment. The similarity of the results obtained with paraquat and diquat suggests that a single mechanism might provide resistance to both herbicides in each species. The response of photosynthetic 02 evolution of the resistant biotypes of H. glaucum and H. leporinum to paraquat application (Figs. 1-4) is in contrast to that reported for other paraquat-resistant weed biotypes. Paraquat-resistant biotypes of C. canadiensis (13) and Lolium perenne (10) showed little or no inhibition of photosynthetic activity, measured as CO2 fixation, up to 4 h after treatment with paraquat, whereas photosynthetic activity of the paraquat-susceptible biotypes was rapidly and permanently inhibited. In contrast, photosynthetic activity, measured as 14C02 fixation, was reported to be transiently inhibited and then to recover in a paraquat-resistant biotype of C bonariensis (11, 17) . Increased levels of the enzymes that detoxify active 02 species have been implicated in paraquat resistance in C bonariensis (16) and L. perenne (9), but not in C canadiensis (13) or in other studies on C. bonariensis (21) . On the basis of differences in response of photosynthetic activity to herbicide application, we suggest that the mechanism of resistance to paraquat in H. glaucum and H. leporinum must differ from that in C bonariensis, C. canadiensis, and L. perenne.
The delay in inhibition of photosynthetic 02 evolution of the resistant biotypes of H. glaucum and H. leporinum after paraquat or diquat application suggests that reduced herbicide movement may be a mechanism of resistance. Any reduced movement observed within leaf segments should, on a larger scale, result in reduced movement of paraquat to the meristematic tissue. This hypothesis was confirmed by measuring the amount of herbicide in the young tissue 24 h after treatment. Paraquat contents of this tissue were found to be reduced by 53% to 57% in the paraquat-resistant biotypes compared with the paraquat-susceptible biotypes (Table I) . Reduced herbicide movement already has been reported in paraquat-resistant biotypes of C bonariensis (7), Erigeron philadelphicus (19) 
